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Introduction {#sec1}
============

A common feature of epithelial tissues such as the epidermis, small intestine, lung, and mammary gland is the coexistence of multiple distinct adult stem cell populations ([@bib47; @bib42]). In some of these tissues such as the epidermis and intestine, the stem cell heterogeneity is well characterized, but its functional consequences in terms of tissue maintenance and response to injury or insult remain poorly understood ([@bib3; @bib18]). In other tissues like the mammary gland and prostate, distinct stem cell populations are responsible for maintaining the luminal and basal compartments independently during homeostasis ([@bib48; @bib37; @bib7]). It is possible that the same lineage restrictions occur in the epidermis.

The epidermis forms the outer protective layer of the skin and comprises the interfollicular epidermis (IFE) with associated adnexal structures such as the pilosebaceous unit. The pilosebaceous unit includes the hair follicle (HF) and the sebaceous gland (SG) and is attached to the IFE via the infundibulum. Here, an enormous cellular complexity provides the basis for its long-term replenishment. The IFE is maintained by a combination of long-lived stem cells (SCs) and committed progenitors ([@bib8; @bib30]). SCs in the lower permanent bulge region of the pilosebaceous unit (hair follicle stem cells, HF-SCs) are responsible for hair regrowth and express markers such as Gli1, Lgr5, keratin 15, keratin 19, and CD34 ([@bib18]). The isthmus, which forms the lower portion of the upper pilosebaceous unit, contains multiple partly overlapping populations marked by the expression of Lgr6, Plet1/Mts24, and Lrig1 ([@bib20; @bib35; @bib44]). Adjacent to the isthmus at the junctional zone (JZ) region is the SG, which forms during development from an early population of Lrig1 expressing precursor cells and is subsequently maintained by Blimp1-expressing cells ([@bib20; @bib11; @bib14]). The relationship between the individual compartments in the epidermis is still an open question.

Fate mapping based on inducible-marker expression is the preferred method for delineating cell behavior in vivo ([@bib1; @bib47]). This technique has formed the basis for understanding how complex tissues are maintained. With the use of lineage tracing, it has been possible to identify stem cells that contribute to most epidermal components, but it has so far been impossible to determine whether the epidermis is maintained in a hierarchal manner or as independent compartments governed by higher-order structural arrangements. Moreover, the population responsible for the maintenance of the uppermost part of the pilosebaceous unit, the infundibulum, remains elusive. HF-SCs have been reported to replenish the other epidermal SC niches and therefore act as multipotent master SCs at the top of a cellular hierarchy ([@bib32; @bib40]). Similarly, progeny of multipotent Lgr6-expressing SCs in the isthmus are detected both in the SG and IFE ([@bib44]). In sharp contrast, additional studies have shown that the pilosebaceous unit including the infundibulum is maintained independently of the IFE in the absence of wounding ([@bib12; @bib26; @bib36]). The extent of contribution from each epidermal SC population to the different epidermal lineages and the overall arrangement of tissue maintenance remain unresolved.

Genetic perturbation and changes in the local microenvironment affect cell behavior and the lineage commitment of epidermal SCs ([@bib38]). This is evident from the role of epidermal SCs upon injury ([@bib41]). Recent evidence from fate-mapping studies demonstrates that otherwise slowly proliferating SCs are the cells within the IFE that make the major contribution to wound repair ([@bib30]). SCs from the pilosebaceous unit are also mobilized to participate in repair of the IFE ([@bib16]). However, once in the IFE, the cellular origin within the pilosebaceous unit appears to influence the capacity to be maintained long term ([@bib18]). It remains to be understood whether certain SC progeny are selectively retained in the wound or whether loss of SC progeny from the wound site after healing is a stochastic process.

Lrig1 is one of multiple markers associated with SCs in the upper pilosebaceous unit ([@bib18; @bib20]), as well as in other tissues ([@bib51; @bib28]). In the epidermis, these cells are capable of contributing to all epidermal lineages in skin-reconstitution assays ([@bib20]); however, their exact lineage potential during normal homeostasis and the functional relevance of the observed epidermal SC heterogeneity remain unresolved. In this study we address SC heterogeneity within the epidermis with the aim to (1) determine whether SC populations have distinct features; (2) assess the hierarchal relationship between SCs during steady-state homeostasis; and (3) investigate how SC identity affects cell behavior upon tissue perturbation.

Results {#sec2}
=======

Stem Cell Heterogeneity in the Pilosebaceous Unit {#sec2.1}
-------------------------------------------------

In order to investigate the properties and physical relationship of distinct SC populations in epidermal homeostasis, we utilize a mouse model with EGFP-ires-CreERT2 inserted at the translational start site in exon 1 of the Lrig1 locus (Lrig1 knockin \[KI\]; [Figure S1](#app3){ref-type="sec"}A available online). This mouse model, in combination with validated antibodies, enables us to assess the physical overlap of SCs populations in the pilosebaceous unit ([Figure 1](#fig1){ref-type="fig"}A). Importantly, the Lrig1 KI model faithfully reproduces the expression of endogenous Lrig1 protein ([Figures 1](#fig1){ref-type="fig"}B--1D; [Figures S2](#app3){ref-type="sec"}A--S2C).

During the resting (telogen) phase of the HF cycle, Lrig1 is expressed by cells in the upper isthmus and SG distinct from CD34^+ve^ HF-SCs ([Figure 1](#fig1){ref-type="fig"}E). Lrig1-EGFP^+ve^ cells express reduced levels of Sca1, a protein expressed highly by cells in the IFE ([Figure 1](#fig1){ref-type="fig"}F; [@bib19]). During the growth (anagen) phase of the hair cycle, Lrig1 expression extends into the outer root sheath and hair germ ([Figure 1](#fig1){ref-type="fig"}G; [@bib20]). Similar to the intestinal tract, Lrig1 is here coexpressed with Lgr5 ([@bib51]). In order to restrict our analysis to Lrig1-expressing cells in the upper pilosebaceous unit, all subsequent experiments have been carried out in telogen back skin. This analysis is supported by data from tail epidermis, where the hair cycle is asynchronous.

The upper pilosebaceous unit contains multiple SC populations marked by Lrig1, Plet-1/MTS24, Lgr6, and Blimp1 expression ([@bib14; @bib35; @bib20; @bib44]). By assessing the individual markers, we show that Lrig1 and Plet1/MTS24 are expressed in the same location ([Figure 1](#fig1){ref-type="fig"}H). The expression of Lgr6 is more widespread and can be detected in the HF-SC niche, in the IFE, and in the SG in addition to the reported expression in the isthmus ([Figure 1](#fig1){ref-type="fig"}I; [Figures S1](#app3){ref-type="sec"}C and S1D; [@bib44]). Here, Lrig1 and Lgr6-EGFP define partly overlapping domains of cells. Similar coexpression is observed in the SG ([Figure 1](#fig1){ref-type="fig"}I). These Lrig1-EGFP^+ve^ cells in the basal layer of the SG are distinct from Blimp1^+ve^ cells, which are suprabasal and have a pronounced differentiated morphology as previously reported ([Figure 1](#fig1){ref-type="fig"}J; [@bib9]). The pattern of marker expression is further substantiated by coexpression of *Lrig1* and *Plet1*/*MTS24* at the RNA level ([Figure 1](#fig1){ref-type="fig"}K).

We conclude that Lrig1 and Plet-1/MTS24 are expressed by cells in the same location in the upper isthmus, and that these cells are distinct from cells expressing Blimp1 in the SG. In addition, Lgr6 expression is not restricted to the isthmus as previously reported ([@bib44]), given that scattered Lgr6-EGFP^+ve^ cells are present throughout the entire epithelium.

Lrig1 Marks a Population of Highly Proliferative Epidermal Cells {#sec2.2}
----------------------------------------------------------------

In order to assess whether Lrig1-expressing cells are molecularly distinct from HF-SCs and basal cells in the epidermis, Lrig1-EGFP^+ve^ cells, CD34^+ve^ HF-SCs, and ItgA6^+ve^Lrig1^−ve^CD34^−ve^ cells, which primarily represent basal undifferentiated IFE cells, were isolated for transcriptional analysis ([Figures 2](#fig2){ref-type="fig"}A and 2B; [Table S1](#mmc2){ref-type="supplementary-material"}). Principal component analysis identifies the three different subsets of cells as distinct ([Figure 2](#fig2){ref-type="fig"}C). Hierarchal clustering of differentially expressed genes shows that Lrig1-EGFP^+ve^ cells are more related to IFE cells than to the HF-SC ([Figure 2](#fig2){ref-type="fig"}D). There is, however, a subset of 92 probe sets associated with 58 annotated genes, which are shared between the two SC populations including markers previously identified as HF-SC markers ([Figures 2](#fig2){ref-type="fig"}E and [S1](#app3){ref-type="sec"}G; [Table S2](#mmc3){ref-type="supplementary-material"}). A set of 73 probes corresponding to 49 annotated genes is specifically associated with the Lrig1^+ve^ compartment. Interestingly, these include *Ccl2* and *Ccl7*, which are two inflammatory cytokines previously associated with the stressful environment in the upper pilosebaceous unit ([@bib34]).

Gene Ontology (GO) analysis of Lrig1-expressing cells versus IFE cells reflects the functionality of the two populations. Here, cells in the IFE express genes associated with lipid metabolism, which is integral to barrier formation, whereas Lrig1^+ve^ cells have elevated expression of genes associated with receptor protein kinase signaling, cell adhesion, and migration, as well as various development pathways ([Table S3](#mmc4){ref-type="supplementary-material"}). In line with the clustering analysis and the individual comparison of the three populations ([Figures 2](#fig2){ref-type="fig"}D and 2E), a vast number of genes are enriched in the CD34-expressing compartment. The majority are associated with development and morphogenetic and differentiation pathways ([Table S3](#mmc4){ref-type="supplementary-material"}). Comparison of Lrig1^+ve^ with CD34-expressing cells reveals a strong enrichment for genes associated with proliferation in the Lrig1^+ve^ compartment. Moreover, Lrig1-EGFP^+ve^ cells show altered expression of genes regulating growth when compared to basal IFE cells ([Table S3](#mmc4){ref-type="supplementary-material"}). This suggests that there is a difference in their basic behavior in vivo that may reflect tissue-specific requirements for replenishment. In support, we observe a large number of Ki67^+ve^ cells in the Lrig1-expressing compartment, and during a short pulse with bromodeoxyuridine (BrdU), a much higher proportion of Lrig1-EGFP^+ve^ cells incorporate the label, when compared to both CD34^+ve^ HF--SCs and IFE cells ([Figures 2](#fig2){ref-type="fig"}F and 2G). The highly proliferative nature of Lrig1-expressing cells is strikingly similar to the behavior of Lrig1^+ve^ cells in the small intestine ([@bib51]). Interestingly, unlike HF-SCs, epidermal Lrig1-EGFP^+ve^ cells show significant transcriptional overlap with Lrig1^+ve^ cells from the small intestine, which might underpin certain behavioral similarities ([Figure S1](#app3){ref-type="sec"}H). We conclude that the upper pilosebaceous unit contains a distinct population of cells marked by Lrig1, which, based on their expression profile and incorporation of nucleoside analogue, represents one of the most proliferative cell compartments in telogen back skin.

Lrig1-Expressing Cells Maintain the Infundibulum and SGs as Independent Compartments {#sec2.3}
------------------------------------------------------------------------------------

Based on the highly proliferative phenotype of Lrig1^+ve^ cells, we hypothesize that these cells play an active role in tissue maintenance. In order to address the behavior of these cells in vivo, Lrig1 KI mice were crossed with Rosa26-lsl-tdTomato mice, and Lrig1^+ve^ cells were labeled genetically with tdTomato during the resting phase of the hair cycle with a single administration of tamoxifen. Without the administration of tamoxifen, we do not detect tdTomato^+ve^ cells ([Figure S2](#app3){ref-type="sec"}G). Analysis of back-skin samples taken 3 days after labeling revealed that the majority of tdTomato^+ve^ cells are found either as single cells or as two cells in the JZ ([Figures 3](#fig3){ref-type="fig"}A and 3B). Less frequently, labeled cells are also seen in the SG, and rarely in the lower HF ([Figure 3](#fig3){ref-type="fig"}B). Over time, labeled progeny from the JZ expand upward to fill the entire infundibulum, where they persist for at least 1 year without migration into the IFE ([Figures 3](#fig3){ref-type="fig"}C--3G). Based on the long-term maintenance and expansion of labeled clones, we conclude that the infundibulum is maintained as an independent compartment by Lrig1-expressing SCs. Although the tail is asynchronous in its hair cycle, the observations from back skin are reiterated here ([Figures S2](#app3){ref-type="sec"}H--S2L).

Approximately 20% of the labeling events were initially observed within the basal layer of the SG. This proportion remains constant over time, indicating that resident cells in the SG are capable of long-term maintenance of this compartment ([Figures 3](#fig3){ref-type="fig"}B, 3I, and 3J). Initially, labeled Lrig1^+ve^ cells were negative for the marker Blimp1; however, over time tdTomato-labeled Lrig1 progeny became Blimp1^+ve^, supporting the notion that Blimp1 marks terminally differentiated sebocytes ([Figures 3](#fig3){ref-type="fig"}K and 3L; [@bib9]). Given that ∼30% of follicles have more than one labeled cell and less than 5% of pilosebaceous units have labeling in both the SG and infundibulum 6 months after labeling, we conclude that Lrig1^+ve^ cells at the single-cell level contribute only to the infundibulum or the SG ([Figures 3](#fig3){ref-type="fig"}A, 3B, and 3H).

The Epidermis Is Maintained in Discrete Compartments during Homeostasis {#sec2.4}
-----------------------------------------------------------------------

HF-SCs have previously been proposed as the master SC population at the top of a cellular hierarchy ([@bib40]). In order to assess the autonomy of epidermal compartmentalization, we investigated the relationship between the upper and lower pilosebaceous compartments. Our fate-mapping data from the ½ year and 1 year time points from Lrig1^+ve^ cells demonstrate that labeled cells are confined to the pilosebaceous unit and make no contribution to the IFE ([Figures 3](#fig3){ref-type="fig"}A--3L; [Figures S2](#app3){ref-type="sec"}I--S2L). As the fraction of labeled clones in the lower part of the pilosebaceous unit is reduced over time, this strongly suggests that cells from the isthmus do not contribute to HF maintenance ([Figure 3](#fig3){ref-type="fig"}B). In order to determine whether HF-SCs repopulate the upper pilosebaceous compartment, as has been suggested for K15-expressing cells ([@bib32; @bib40]), we utilize lineage tracing from the Lgr5-EGFP-ires-CreERT2 and K19CreER mouse models to specifically mark the HF-SC compartment. As previously reported, labeled cells are confined to this compartment at time points up to 1 year ([Figures 3](#fig3){ref-type="fig"}M--3P; [Figure S2](#app3){ref-type="sec"}; [@bib17; @bib52]). This demonstrates that the upper and lower compartments of the pilosebaceous unit, as well as the IFE, are maintained in autonomous manners.

Tissue Regeneration Perturbs Homeostatic Compartmentalization {#sec2.5}
-------------------------------------------------------------

IFE SCs have been shown to be the major contributor to tissue regeneration following injury ([@bib30]); however, evidence from hairless mice and lineage tracing from pilosebaceous SCs supports a role for these cells in the regenerative response ([@bib5; @bib16; @bib24; @bib44]). It has also not been clear to what extent cells were specifically retained in the IFE following tissue repair based on their ancestry ([@bib41]). This is pertinent when considering the plasticity of SCs in vivo. In order to address the role of different defined cellular compartments in tissue regeneration, we investigated the behavior of tdTomato-labeled Lrig1^+ve^ and HF-SCs following skin wounding using serial imaging of live anaesthetized animals. One to two weeks after wounding, labeled cells from both pilosebaceous SC compartments were detected in a radial pattern in the wound area ([Figures 4](#fig4){ref-type="fig"}A--4C and 4G--4I; [Figures S3](#app3){ref-type="sec"}A--S3C). Progeny are subsequently retained up to 1 year in the IFE ([Figures 4](#fig4){ref-type="fig"}D--4F and 4J--4L). This imaging technique allows quantitative analysis of labeled cells during the repair process in individual mice. This reveals a substantial reduction in the proportion of labeled cells 3 weeks after wounding ([Figure 4](#fig4){ref-type="fig"}M), which corresponds to the reduction in hyperplasia of the newly regenerated epidermis ([Figures S3](#app3){ref-type="sec"}D and S3E). The reduction in labeled cells following 3 weeks is reminiscent of reported observations for progeny of keratin-15-expressing HF-SCs ([@bib16]). We conclude that cells adopt IFE fate following injury irrespective of their ancestry.

Previous studies have focused on the tail epidermis, which facilitates high-resolution imaging. In order to investigate early events and whether there are significant differences between back and tail skin, we analyze three-dimensional (3D) reconstructions of epidermal-tail whole mounts. Two days following tail wounding, progeny of Lrig1^+ve^ cells appear at the wound margin more than 200 μm from the originating pilosebaceous unit ([Figure 4](#fig4){ref-type="fig"}N; [Figure S3](#app3){ref-type="sec"}F). Analysis of HF-SCs shows delayed recruitment, given that labeled cells at day 2 were still retained in the lower pilosebaceous unit ([Figure 4](#fig4){ref-type="fig"}O; [Figure S3](#app3){ref-type="sec"}F). Although the role of pilosebaceous SCs in tissue repair of the tail epidermis has been disputed ([@bib30]), we show here that they contribute to tissue repair irrespective of the population of origin ([Figures 4](#fig4){ref-type="fig"}P--4R; [Figures S3](#app3){ref-type="sec"}G--S3I). This demonstrates that regional differences dictate whether cells are primed for an early or late regenerative response but do not impact their lineage plasticity in vivo.

Wounding, Not Mobilization, Drives Tumor Formation after K-Ras Activation {#sec2.6}
-------------------------------------------------------------------------

Recent evidence from studies of HF-SCs and their progeny implies that oncogenic responses upon K-Ras activation depend on the proliferation status and SC potential ([@bib49]). In order to probe the response from highly proliferative Lrig1-expressing cells upon oncogenic stimulation, we utilized a Cre-inducible model for constitutive activation of K-Ras ([@bib45]). Expression of K-Ras (G12D) causes increased phosphorylation of the downstream Erk kinase in the upper pilosebaceous unit and SG hyperplasia ([Figures S4](#app3){ref-type="sec"}A--S4I). In line with the increased levels of Erk activation, there were significant changes to the structure and proliferation within the infundibulum, but we observed no tumor development and very little effect to the IFE on back skin ([Figures S4](#app3){ref-type="sec"}A--S4E and S4G--S4I). Mice subsequently developed benign papillomas in lip epidermis from 4 months following the induction of K-Ras (G12D), as described for other cre drivers ([Figure 5](#fig5){ref-type="fig"}A; [@bib25; @bib46]).

In order to understand the difference in epidermal-tumor susceptibility between the two sites, we analyzed Lrig1 expression and cell behavior in lip epithelium. SG hyperplasia was also evident in the lip epidermis after K-Ras activation ([Figure S4](#app3){ref-type="sec"}F). As in back skin, Lrig1 expression was detected in highly proliferative cells in the pilosebaceous unit and never in the IFE ([Figures 5](#fig5){ref-type="fig"}B and 5C). Similarly, fate mapping showed that labeled cells were initially found in the upper isthmus; however, at later time points, tdTomato^+ve^ cells were detected in the IFE, and always in association with fully labeled infundibula ([Figures 5](#fig5){ref-type="fig"}D and 5E). This is reminiscent of the behavior of Lrig1-expressing cells upon wounding. Basal cell carcinomas, which are driven by aberrant Shh signaling, only form from cells in the IFE ([@bib52; @bib22; @bib50]). In order to test whether mobilization of SCs from the pilosebaceous unit is sufficient for tumor induction, mice expressing the oncogenic K-Ras mutation in Lrig1-expressing cells were treated with the tumor promoter 12-O-tetradecanoylphorbol-13-acetate (TPA). TPA induces a robust inflammatory response, which stimulates migration of Lrig1-expressing cells into the IFE ([Figure 5](#fig5){ref-type="fig"}G). However, this is not sufficient to induce tumor formation ([Figure 5](#fig5){ref-type="fig"}F). Instead, a more abrasive approach was adopted wherein the oncogenic mutation was combined with full-thickness wounding. This drives very rapid and efficient papilloma formation in back skin from the Lrig1^+ve^ compartment ([Figure 5](#fig5){ref-type="fig"}F). The tumors are similar to those forming from the lips and display a high number of proliferating cells, as well as a differentiated compartment ([Figures 5](#fig5){ref-type="fig"}H--5M). We conclude that oncogenic mutations in SCs perturb normal behavior within the tissue, and that wounding in addition to simple migration out of the natural compartment is required for tumor initiation.

Discussion {#sec3}
==========

In this study we define the cellular networks that underlie epidermal homeostasis as founded in the existence of subsets of SCs with distinct tissue contributions. Here, the lower part of the pilosebaceous unit, the infundibulum, the SG, and the IFE are maintained as independent compartments. The normal boundaries are broken upon wounding, and cells are rapidly recruited into the wounded region, where they subsequently contribute long term to tissue homeostasis, irrespective of their ancestry. Wounding is also the auxiliary signal required for inducing tumor formation from Lrig1-positive SCs expressing oncogenic K-Ras.

The upper pilosebaceous unit contains multiple overlapping populations of SCs; however, it has been difficult to rectify differing observations between expression studies, lineage-tracing studies, and reporter models ([@bib14; @bib26; @bib44; @bib5]). Careful examination of individual markers has enabled us to dissect this relationship. Here, we show that Plet1/MTS24 and Lrig1 are both expressed in the upper isthmus. Lrig1-expressing SCs in the SG will renew Blimp1^+ve^ sebocytes over time. The expression of Lgr6 in multiple compartments makes fate mapping from Lgr6-expressing cells very difficult to interpret, because labeled progeny might arise from Lgr6^+ve^ cells in the different structures rather than from a single source as previously suggested ([@bib4]). A much simpler model for tissue homeostasis is consequently emerging, wherein during homeostasis, SCs only contribute to their resident compartment.

Lineage-specific amplification by defined SC populations is beginning to emerge as a general mechanism for tissue replenishment ([@bib47]). The best examples are the mammary gland and prostate, wherein the luminal and myoepithelial compartments are maintained independently throughout life ([@bib48; @bib37; @bib7]). We demonstrate that the different functional components of the epidermis are maintained in a similar manner during steady-state homeostasis, and we propose that this represents a general mechanism for the maintenance of complex cellular systems. This enables the tissue to respond to specific requirements of individual regions. In this manner, the epidermis can simultaneously cater to the requirements for cyclic growth of the HF and the constant maintenance of the SG and IFE. Our study identifies Lrig1-expressing cells in the upper isthmus as a highly proliferative SC population responsible for maintenance of the infundibulum. One major feature of the infundibulum is the mechanical stress exerted from the hair shaft as it protrudes out through the skin. In agreement with the increased stress levels, we do observe expression of proinflammatory cytokines such as *Ccl2* and *Ccl7* specifically in Lrig1^+ve^ cells. By having a dedicated compartment of stem cells, it is possible to specifically respond to the requirement of the infundibulum for constant repair.

Lrig1 has been characterized as a negative regulator of proliferation both in vivo and in vitro ([@bib13; @bib20; @bib23; @bib51]). The proliferative behavior of Lrig1-expressing stem cells in vivo is, however, analogous to their counterparts in the small intestine, where Lrig1 controls SC proliferation by modulating the amplitude of ErbB signaling ([@bib51]). In both cases the inductive signals for proliferation must either overcome its inhibitory effects or utilize pathways that are not regulated by Lrig1. Future analysis of the genes identified as differentially expressed in Lrig1^+ve^ cells is likely to shed light on gene networks responsible for the unique behavior of these cells.

An important function of SCs in adult tissues is to contribute to wound repair following injury ([@bib41]). A major difference between SCs and more committed progeny within the epidermis is the ability of SCs to be retained once the tissue is healed ([@bib30]). Tissue contribution after injury is consequently a measure for SC potential. IFE-derived stem cells were recently shown to be the predominant contributor to tissue repair ([@bib30]); however, evidence from hairless mice and the long-term retention of cells from the pilosebaceous unit suggest that these cells are likewise involved ([@bib24; @bib16; @bib27; @bib5]). The observation that cells can move across boundaries upon wounding shows that cells are not lineage restricted, but that the microenvironment, rather than cellular ancestry, dictates cell behavior in vivo. Moreover, the apparently proportional retention of all pilosebaceous SC progenies supports the notion that this is a stochastic rather than a hard-wired process.

Experimental evidence demonstrates that epidermal SCs have the potential to initiate tumor formation ([@bib25; @bib49]); however, tumors formed upon expression of oncogenic K-Ras are generally associated with areas of abrasion ([@bib46]). We observe that expression of K-Ras G12D in Lrig1-expressing cells drives SG and infundibula hyperplasia without affecting the IFE significantly. The speed and the reproducibility with which these tumors form following wounding strongly suggest that additional mutations are not required. We expect that in the future this model will provide an attractive platform for the identification of genes involved in tumor formation. It is evident that loss of p53 combined with K-Ras activation drives malignant progression ([@bib6; @bib25; @bib49]), and it is very probable that such combinations will not need additional wound-associated signals to initiate tumor formation from Lrig1-expressing cells.

In summary, we have identified Lrig1 as a marker of the SC compartment responsible for independent maintenance of the infundibulum and SG. A picture is now emerging in which the epidermis is compartmentalized during homeostasis, and this provides a functional explanation for the SC heterogeneity in the pilosebaceous unit. We predict that it will be possible to observe similar compartmentalized patterns in other complex organs. This is potentially a general method for controlling tissue homeostasis, in that it provides a simple solution to cater for regional differences in the requirement for tissue replenishment.

Experimental Procedures {#sec4}
=======================

Mice {#sec4.1}
----

Lrig1-EGFP-ires-CreERT2 mice were generated by knocking an EGFP-ires-CreERT2 cassette into the endogenous Lrig1 locus in C57Bl6 embryonic stem cells. Lgr5-EGFP-ires-CreERT2, K19CreER, K-Ras-lsl-G12D, and Rosa-lsl-tdTomato mice have been described previously ([@bib2; @bib29; @bib31; @bib45]). DNA labeling was achieved by single intraperitoneal (i.p.) injections of 1 mg BrdU. For lineage analysis, mice received single i.p. injections of tamoxifen dissolved in corn oil (Lrig1, 100 μg; Lgr5/KI9, 3 mg). Activation of K-Ras was achieved by topical application of 100 μg 4-hydroxytamoxifen in acetone. Wound biopsies were carried out with a circular biopsy punch on the dorsal (5 mm) or tail (2 mm) skin. For TPA treatment, 1 μg of TPA in acetone was applied topically to back skin on days 1, 4, 8, and 11. Serial imaging was performed on anaesthetized mice using a Leica M165FC dissecting microscope. All in vivo experiments were performed under the terms of a UK Home Office license.

Immunohistochemistry and Immunofluorescence {#sec4.2}
-------------------------------------------

Immunohistochemistry was performed using the ImmPRESS polymer detection kit (Vector Labs). For immunofluorescence staining, samples were blocked in 0.5% BSA, 0.5% fish skin gelatin, and 0.1% Triton X-100 before overnight incubation in primary antibody as listed in [Table S4](#app3){ref-type="sec"}. Primary antibodies were detected with appropriate Alexa-fluorophore-conjugated secondary donkey antibodies (Invitrogen). Whole mounts of tail epidermis, tissue preparation, and images were acquired as described previously ([@bib20]).

Isolation of Cells for Flow Cytometry {#sec4.3}
-------------------------------------

Keratinocytes were isolated and sorted from mouse back skin as previously described ([@bib21]). Hematopoietic and endothelial cells were excluded by negative selection of CD45^+ve^ and CD31^+ve^ cells. Flow cytometry was carried out using a CyAN ADP (Beckman Coulter) and an LSRFortessa (BD Biosciences) flow cytometer, and cell sorting was carried out on a FACSAria (BD Biosciences) and a MoFlo Legacy cell sorter (Beckman Coulter). An APC BrdU Flow Kit (BD Pharmingen) was used to assess BrdU incorporation. Data were analyzed using FlowJo software.

RNA Extraction and Quantitative PCR {#sec4.4}
-----------------------------------

Total RNA was isolated from flow-sorted cells using the PureLink RNA Micro Kit with on-column DNase digestion (Invitrogen). Complementary DNA was synthesized and analyzed by quantitative PCR (qPCR) as described previously ([@bib51]). For global gene-expression profiling, RNA was preamplified (Ovation RNA Amplification System, NuGEN) and hybridized to MouseWG-6 v.2 BeadChips (Illumina).

Microarray Analysis {#sec4.5}
-------------------

Raw data from the MouseWG-6 v.2 BeadChips were processed using the R package "lumi" ([@bib10]). A variance-stabilizing transformation, quantile normalization, and quality control were performed on the expression data. Nonexpressed probes (detection p value ≥ 0.01 in all samples) were removed from downstream analysis. To test for differential expression, the R package LIMMA was used ([@bib43]). Multiple testing correction on all probes and across contrasts was performed by controlling the false discovery rate. The "nestedF" strategy was used to adjust the F statistic p values to find probes that were differentially expressed in at least one sample. Probes were considered significant if the adjusted p value was ≤ 0.05 and the log fold change was ≥ 0.5.

For gene-set enrichment analysis, expressed probes were ranked according to their association with Lrig1-GFP^+ve^ and -GFP^−ve^ cells in the small intestine. Identified gene signatures associated with epidermal SCs were subsequently analyzed for their association with Lrig1-GFP^+ve^ or -GFP^−ve^ cells in the intestine (<http://www.broadinstitute.org/gsea/index.jsp>; [@bib33]). GO analysis for biological processes was carried out on differentially expressed gene sets using the DAVID bioinformatics resource ([@bib15]).

Accession Numbers {#app1}
=================

The European Bioinformatics Institute ArrayExpress accession numbers for data reported in this paper are E-MTAB-1602 and E-MTAB-1606.

Supplemental Information {#app3}
========================

Document S1. Figures S1--S4 and Table S4Table S1. Genes Differentially Expressed between Epidermal Cell Populations, Related to Figure 2Significantly differentially expressed genes (2-fold; p \< 0.01) from pairwise comparison of transcriptional profiles from individual epidermal cell populations.Table S2. Gene Lists from Intersections from Pairwise Comparisons, Related to Figure 2Gene lists representing the pairwise comparison from Figure 2E. The individual intersections in the Venn diagram (a--f) are represented by the associated gene lists with fold change and p value.Table S3. Gene Ontology Terms Significantly Overrepresented in Epidermal Expression Profiles, Related to Figure 2Differentially expressed gene lists from Table S1 were analyzed for significantly overrepresented gene ontology terms associated with biological processes. Listed are the terms including gene names and p values.
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![Characterization of SC Heterogeneity in the Epidermis\
(A) Schematic diagram of SC populations in the mouse pilosebaceous unit. Infund or Inf, infundibulum; Bulge, HF-SC niche.\
(B--D) Detection of Lrig1 protein (red) (B), Lrig1-EGFP (green) (C), and overlap (D) in telogen back skin.\
(E) Detection of Lrig1 (red) and CD34 (green).\
(F) Flow-cytometric analysis of Sca-1 expression in Lrig1-EGFP^+ve^ cells (green line) from telogen back skin. The black line indicates basal epidermal cells based on ItgA6 expression.\
(G) Detection of Lrig1 (red) and Lgr5-EGFP (green) in anagen back skin. Is, isthmus; ORS, outer root sheath.\
(H and I) Detection of Lrig1 (red) and Plet-1 (green) (H) and Lgr6-EGFP (green) (I) in telogen back skin. Arrows indicate Lgr6-EGFP expression in the IFE. The arrowhead indicates Lgr6-EGFP expression in the SG.\
(J) Expression of Lrig1-EGFP (green) and Blimp1 (red) in the SG.\
(K) qPCR analysis of marker expression in Lrig1-EGFP- and CD34-expressing cells.\
Error bars represent the SEM (n = 4). Nuclei are counterstained with DAPI (blue). Scale bars represent 50 μm. See also [Figure S1](#app3){ref-type="sec"}.](gr1){#fig1}

![Lrig1 Marks a Unique and Highly Proliferative Compartment in the Epidermis\
(A) Schematic diagram of isolated cell populations. Bulge, HF-SC niche.\
(B) Isolation of ItgA6^+ve^Lrig1-EGFP^+ve^CD34^−ve^ (Lrig1-EGFP^+ve^, green) ItgA6^+ve^Lrig1-EGFP^−ve^CD34^+ve^ (CD34^+ve^, red) and ItgA6^+ve^Lrig1-EGFP^−ve^CD34^−ve^ (neg, blue) cells by flow cytometry.\
(C) Principal component analysis of gene-expression profiles associated with Lrig1-EGFP^+ve^, CD34^+ve^, and negative cells.\
(D and E) Heat map with the associated hierarchal clustering (D) and Venn diagram (E) of the upregulated probe sets associated with CD34^+ve^, Lrig1-GFP^+ve^, and negative epidermal cells. The number of individual probe sets in individual segments are indicated, and the associated probe sets are listed in [Table S3](#mmc4){ref-type="supplementary-material"} under (a)--(f). The (d) segment denotes genes enriched in Lrig1-EGFP^+ve^ cells, and the (f) segment denotes genes shared by Lrig1-EGFP^+ve^ and CD34^+ve^ cells.\
(F) Detection of Ki67 (green) and Lrig1 (red) in telogen back skin. Nuclei are counterstained with DAPI (blue). Scale bars represent 50 μm.\
(G) Quantification of BrdU incorporation after a 1 hr chase by flow cytometry.\
Error bars represent the SEM (n = 4). See also [Tables S1](#mmc2){ref-type="supplementary-material"}, [S2](#mmc3){ref-type="supplementary-material"}, and [S3](#mmc4){ref-type="supplementary-material"}.](gr2){#fig2}

![The Epidermis Is Maintained in Discrete Compartments\
(A) Quantification of the proportion of labeled pilosebaceous units containing 1, 2, or \>2 labeled cells 3 days (3d) post labeling. n = 100 pilosebaceous units (PSUs) from three mice.\
(B) Quantification of clone distribution at 3 days and 6 months (6m) post labeling. n = 100 pilosebaceous units from three mice.\
(C--J) Detection of tdTomato (red) and Lrig1-EGFP (green) after initiation of lineage tracing from Lrig1-expressing cells. Note the expansion of labeled progeny from Lrig1^+ve^ cells into the infundibulum and in SG over time and that labeled cells do not contribute to the IFE (C--H). HG, hair germ.\
(K and L) Detection of tdTomato-labeled progeny of Lrig1-expressing cells and Blimp1 2 days and 3 months after labeling. Arrows indicate (K) initially labeled cells and (L) Blimp1^+ve^ progeny.\
(M--P) Detection of tdTomato (red) after initiation of lineage tracing from Lgr5 (M and N) or K19 (O and P)-driven cre strains. Note that progeny of Lgr5^+ve^ and K19^+ve^ cells are restricted to the lower pilosebaceous unit.\
Nuclei are counterstained with DAPI (blue). Scale bars represent 50 μm. See also [Figure S2](#app3){ref-type="sec"}.](gr3){#fig3}

![Pilosebaceous SCs Break Compartment Boundaries in Response to Wounding and Convert to an IFE Fate\
(A--C and G--I) Serial fluorescence imaging of tdTomato-labeled progeny of Lrig1^+ve^ (A--C) and Lgr5^+ve^ (G--I) cells in the reepithelized wound (red).\
(D--F and J--L) Immunostaining of progeny of Lrig1^+ve^ (D--F) or Lgr5^+ve^ (J--L) cells in the regenerated IFE 10 months or 1 year after wounding.\
(M) Quantification of labeling after wounding of Lrig1, Lgr5, and K19 CreER mice by serial fluorescence imaging normalized to area of wound labeled 10 days after wounding. Error bars represent the SEM (Lgr5, n = 4; K19, n = 3; Lrig1, n = 5 mice).\
(N and O) Progeny of Lrig1^+ve^ (N) and Lgr5^+ve^ (O) cells (red) at day 2 following tail wounding (distance quantified in [Figure S3](#app3){ref-type="sec"}F).\
(P--R) Progeny of Lrig1^+ve^ cells detected in whole mounts of tail wound epidermis. The demarcated lines depict the wound margin.\
Nuclei are counterstained with DAPI (blue). Scale bars represent 1 mm (A--C and G--I), 50 μm (D--F and J--L), 100 μm (N and O), and 500 μm (P--R). See also [Figure S3](#app3){ref-type="sec"}.](gr4){#fig4}

![Wounding Induces K-Ras-Driven Papillomas\
(A) Spontaneous papilloma development in Lrig1 KI/LSL-K-Ras (G12D) mice (lip, n = 6; back, n = 8).\
(B) Lrig1-EGFP (green) detected in lip epidermis.\
(C) Detection of Lrig1 (red) and Ki67 (green) in lip epidermis.\
(D and E) Progeny of Lrig1^+ve^ cells (red) detected in lip epidermis after short and long chase. Arrows indicate absence of labeling in the IFE adjacent to unlabeled infundibula.\
(F) TPA- and wound-induced papilloma development in Lrig1 KI/LSL-K-Ras (G12D) mice (TPA, n = 5; wound, n = 8).\
(G--M) Detection of tdTomato-labeled progeny of Lrig1-expressing cells in the IFE 4 days after the final TPA treatment of Lrig1 KI/LSL tdTomato mice. Hematoxylin and eosin (H&E) stain of lip papilloma (H) and (I) wound-induced papilloma on the back. Detection of Ki67 (green) and keratin 10 (green) in papillomas on the lip (J and K) and back (L and M) counterstained with keratin 14 (red) and DAPI (blue).\
Scale bars represent 50 μm (B and G), 100 μm (C--E), 1 mm (H), 5 mm (I), and 200 μm (J--M). See also [Figure S4](#app3){ref-type="sec"}.](gr5){#fig5}
